The main neurotransmitters in the vertebrate retina are glutamate, GABA and glycine. Their localization in the different cell types in the retina is well known. In addition, there exists a number of neuropeptides and other neuroactive substances that are only expressed by sparse populations of neurons. In recent years, molecular biology has led to the discovery of a rapidly increasing number of neurotransmitter receptors and the apparent simplicity of neurotransmitters in the mammalian retina is contrasted by the expression of a plethora of neurotransmitter receptors and receptor subunits (not mentioning receptor isoforms). This article will concentrate on glutamate receptors with the intention of reviewing some of the recent data on glutamate receptor expression in the mammalian retina and their possible involvement in retinal function.
Introduction
Glutamate is an important excitatory neurotransmitter in the vertebrate central nervous system (CNS) and also plays a key role in retinal synaptic circuitry. Photoreceptors, bipolar cells and ganglion cells release glutamate to mediate the transfer of visual information from the retina to the brain [1 -4] . Horizontal cells and amacrine cells generally depend on GABA or glycine as their neurotransmitter [5 -8,4] and their inhibitory interactions modulate the vertical information flow from the photoreceptors to the ganglion cells.
The differential expression of neurotransmitter receptors among retinal neurons significantly adds to functional diversity, the basis for multiple processing of visual information. Because of the lack of specific agonists or antagonists for many of the receptors, it is not yet possible to identify receptors with a specific subunit composition in neurons of the retina, or any other region of the CNS. One way to approach this problem is to examine which receptors are present in a given cell type using neuroanatomical techniques. With the advent of an increasing number of receptor-specific antibodies knowledge of the detailed distribution of the different receptors and receptor subunits within the retina is steadily growing.
The effects of glutamate are mediated by two main classes of receptors: ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs). Several parameters have been discussed for regulating the strength and kinetics of glutamate synaptic transmission: the density and the kind of GluR subtypes present at the synapse, the relative location of the GluR subtypes with respect to the release site, the affinity of the receptor for its ligand and the pre-or post-synaptic localization of the GluRs at the synapse [9] [10] [11] [12] . Receptor heterogeneity at the synapse is a key factor in creating the different functional properties of the neurons in the retina. To understand more about glutamate synaptic transmission in the mammalian retina it is essential to understand the detailed localization of the many GluR subtypes at the synapses in the retina.
Ionotropic glutamate receptors
Ionotropic GluRs account for most of the fast excitatory synaptic transmission in the CNS. They are homoor heteromeric receptor protein complexes that bind Fig. 1 . Localization of the NMDA receptor subunit NR1, NR2A, NR2B and NR2C mRNAs in vertical sections of rat retina. Labelling for the NR1 subunit mRNA is present over virtually every neuronal soma in the INL and GCL. In contrast, expression of the NR2 subunit mRNAs is much more restricted and heterogeneous with only subsets of neuronal somata labelled for the respective NR2 subunit in the INL. Sections were counterstained with toluidine blue. Borders of the INL are indicated by short horizontal lines. ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Scale bar = 20 mm. (Figure modified from [26] ).
glutamate and form integral non-selective cation channels (for reviews, see [13 -15] ). Based upon pharmacological and electrophysiological characteristics, iGluRs have been classified into three broad classes: AMPA (h-amino-3-hydroxy-5-methyl-4-isoxazole propionate) receptors, kainate (2-carboxy-3-carboxymethyl-4-isopropenyle-pyrrolidine) receptors and NMDA (Nmethyl-D-aspartate) receptors. 
NMDA receptor subunits in the mammalian retina
Of the NMDA receptor subunits, NR1 was the first to be cloned [16] . In expression systems, the NR1 subunit can assemble to form homomeric ion channel complexes, displaying the characteristic properties of NMDA receptors, including agonist and antagonist selectivity, high calcium permeability, magnesium block and glycine modulation [17 -19,16,20,15] . Soon after the cloning of the NR1 subunit, four more NMDA receptor subunits termed NR2A, NR2B, NR2C and NR2D were found. These NR2 subunits do not assemble into functional ion channel complexes when expressed in artificial expression systems. However, coassembly of NR2 subunits with NR1 leads to functional heteromeric receptors with currents that are significantly higher compared with homomeric NR1 assemblies [21] [22] [23] [24] [25] . The general assumption is that the NMDA receptor subunits coassemble in different combinations to form heteromeric receptors as a pentameric structure.
In the mammalian retina the expression of the NMDA receptor subunits has been studied at the mRNA level by in situ hybridization (rat: [26] Fig. 1 ; mouse: [27] ). For the adult rat retina mRNAs of all subunits could be detected except for NR2D [26] . In the mouse retina the expression of the NR2D subunit mRNA was found to be restricted to early postnatal development [27] . The NR1 subunit mRNA showed the widest distribution throughout the retina. The pattern of labelling suggests that the NR1 subunit mRNA is expressed by virtually all neurons in the inner nuclear layer (INL) and the ganglion cell layer (GCL), compared with the more restricted distribution of the transcripts for the NR2 subunits. This is surprising, if one assumes that the NR1 subunit mRNA is translated into a functional protein, because previous physiological data have shown that NMDA receptors only play a restricted role in glutamatergic synaptic transmission in the mammalian retina [28] [29] [30] [31] [32] [33] [34] [35] . However, one cannot exclude the possibility that the NR1 subunit mRNA found throughout the retina is a remnant of retinal development. NMDA receptors might play a role in retinal development with many of the neurons expressing functional receptors. Later in development the NR2 subunits could be down-regulated with only a few types of neurons left expressing functional heteromeric NMDA receptors in the adult retina. Similar results have been reported for Purkinje cells in the rat cerebellum. Purkinje cells also express NR1 subunit mRNA in the adult cerebellum but do not respond to NMDA. Purkinje cells of newly born rats, on the other hand, possess functional NMDA receptors [36, 37] .
Several of the NMDA receptor subunits have been localized at the protein level in the mammalian retina. Employing a subunit-specific NR2A antiserum, Hartveit and colleagues [38] showed a distribution of NMDA receptors containing the NR2A receptor subunit in two broad bands in the inner plexiform layer (IPL) of the rat (Fig. 2(A) ), rabbit and monkey retina. Only in the cat retina NR2A labelling was found in both the IPL and the outer plexiform layer (OPL). NR2A immunoreactivity was localized in ''hot spots'', indicating synaptic localization and ultrastructural localization of the subunit protein showed a localization in one of the two elements postsynaptic at cone bipolar cell ribbon synapses, i.e. amacrine cell or ganglion cell process ( Fig. 2(B) ). In the mouse retina the NR1 receptor subunit was found to be present throughout isolated rod bipolar cells [39] . Finally, Wenzel and colleagues [40] reported labelling of the NR2D subunit in rod bipolar cells of both rat and rabbit retina with the strongest immunoreactivity found at the proximal axonal segments. They proposed a modulation of neurotransmission of rod bipolar cells in the IPL by NMDA receptors containing the NR2D subunit. The significance of this finding and of the presence of the NR1 subunit in rod bipolar cells of the mouse retina remains unclear. In a recent physiological study on iGluRs in rod bipolar cells of the rat retina no indications for the involvement of NMDA receptors were found [35] .
During postnatal development of the rat retina, expression of the NR2A subunit was first detected at around postnatal day 10 (P10) [38] . This is similar to the in situ hybridization data on NR2A subunit mRNA expression in the developing mouse retina [27] . The first fully developed ribbon synapses in the IPL of the rat retina appear around P13 [41] . Thus, the early expression of the NR2A subunit raises the question whether the NR2A subunit could play a role in the establishment of synaptic connections in the IPL. A recent developmental study by Wong [42] in the rabbit retina argues against NMDA receptors and for non-NMDA receptors to be involved in developmental processes.
In conclusion, many questions on the functional role of NMDA receptors in the mammalian retina remain unanswered. In view of the possible role NMDA plays in excitotoxicity [43] [44] [45] [46] , a detailed knowledge on the cellular and subcellular localization of NMDA receptor subunits among the cells in the mammalian retina is crucial. 
AMPA receptor subunits in the mammalian retina
AMPA receptors are most likely pentameric ion channel complexes assembled from one or more of the four related receptor subunits known as GluR-A, GluR-B, GluR-C and GluR-D (alternatively designated GluR1 to GluR4). The most potent specific agonist causing a fast desensitization of the receptors is AMPA. Kainate is also an agonist that elicits larger responses than AMPA, but does not lead to a desensitization of the receptors [47] [48] [49] [50] [51] (for review, see [15] ).
In the mammalian retina, AMPA receptors have been localized mainly at the mRNA level using in situ hybridization. Like the NMDA receptor subunits, little is known about their detailed cellular localization at the protein level. The in situ hybridization studies have shown a widespread and differential distribution of the four AMPA receptor subunit mRNAs throughout the INL and GCL of the mammalian retina (mouse: [52] ; rat: [53] [54] [55] ; cat: [55] ). AMPA receptors are thought to be involved in synaptic transmission at ribbon synapses in the OPL and the IPL of the mammalian retina (for review, see [2] ). For mouse, rat and cat retina the sum of the GluR1-GluR4 transcripts found could well account for the expression of AMPA receptor subunits by all neurons in the retina.
An immunocytochemical study by Qin and Pourcho [56] reported the distribution of AMPA receptor subunits in horizontal, amacrine, ganglion and a few cone bipolar cells in the cat retina. Some neurons, especially h ganglion cells, expressed multiple AMPA receptor subunits whereas other neurons, especially amacrine cells, were only immunoreactive for one of the subunits. A second immunocytochemical study on the localization of AMPA receptors in the rat retina by Peng and colleagues [57] also showed a differential distribution of the AMPA receptor subunits among neurons in the retina. Their results, however, are markedly different from the results reported in the cat retina. It is unlikely that this difference is the result of variations between species, because the expression of the AMPA receptor subunit mRNAs is similar in mouse, rat and cat retina. The differences in protein expression, however, could be due to different fixation protocols used in the two studies. In the study by Peng et al. [57] , for example, the retina was fixed for a very long time and from our own experience strong fixation has a negative effect on immunoreactivity. A recent study by Hughes [39] indicated that the AMPA receptor subunit GluR2 is present in isolated rod bipolar cells of the mouse retina. This result again is in contrast to the results of the study by Qin and Pourcho [56] . Hughes [39] raises the possibility that rod bipolar cells contain a splice variant of the GluR2 receptor subunit that is not recognized by the antiserum used in the study by Qin and Pourcho [56] . 
Kainate receptor subunits in the mammalian retina
The third class of iGluRs are the kainate receptors. They are subdivided into the low-affinity kainate receptor subunits GluR5, GluR6 and GluR7 [58 -62] and the high-affinity kainate receptor subunits KA1 and KA2 [63 -65] . The kainate receptor subunits most likely assemble as heteromeric complexes and they are characterized by a fast desensitizing response to glutamate and kainate. This property is reminiscent of kainate responses found in dorsal root ganglion neurons from the peripheral nervous system [66] and has recently been detected in neurons of the CNS [67] . When either KA1 or KA2 were expressed in an artificial expression system no electrophysiological responses were detected. Coexpression of KA2 together with GluR5 and GluR6, however, can form functional heteromeric receptors with properties different from the respective homomeric receptors [64, 65] .
As for NMDA and AMPA receptor subunits in the mammalian retina, most data on the expression of kainate receptor subunits are available only from in situ hybridization studies at the level of the receptor transcripts (mouse: [52] ; rat: [26] ; cat: [55] ). Although KA1 mRNA could not be detected in the rat retina ( [26] ) it was present in the mouse retina [52] . The different kainate receptor subunit mRNAs in the rat retina were differentially distributed throughout the INL and GCL with the possibility of horizontal cells, bipolar cells, amacrine cells and ganglion cells expressing one or the other subunit (Fig. 3) .
To date, there is only one study that has reported the immunocytochemical localization of kainate receptors in the mammalian retina [57] . Using an antiserum recognizing both GluR6 and GluR7, Peng et al. [57] found these subunits to be present in the rat retina in horizontal, amacrine, ganglion and possibly bipolar cells. These results fit well with the in situ hybridization data from rat retina [55, 26] and with our own data on the immunocytochemical localization of GluR6/7 [68] . In the latter study we also examined the distribution of two GluRs termed delta 1 (l1; [69] ) and delta 2 (l2; [70] ). These two receptors share only low sequence homology with other GluRs, but have all the major structural features of AMPA and kainate receptors (for review, see [15] ). Interestingly l1 and l2 lack ion channel activity when expressed alone or in combination with other GluR subunits. Recently, however, it was shown that mice defective in the l2 subunit are ataxic and have defects in Purkinje cell synapse formation and cerebellar long-term depression [71] . In the rat retina we have found l1/2 to be present at the synapses in the IPL [68] .
In the future, a large effort will be required for the detailed localization of the different classes of iGluRs and their many subunits at the synapses in the mammalian retina. Because functional properties of receptors depend on the subunit composition, it will be especially important to determine which receptor subunits are expressed at the synapses of a given cell type.
The second main class of GluRs are the metabotropic glutamate receptors. Although little is known about their involvement in retinal physiology, their anatomical distribution in the mammalian retina has been well characterized.
Metabotropic glutamate receptors
Metabotropic glutamate receptors differ from iGluRs both in structure and function. Each of the mGluRs constitutes a functional receptor as a single protein.
MGluRs do not form integral ion channels but exert their effects by influencing various intracellular second messenger systems via interaction with membrane-bound G-proteins. Activation of different second messenger systems by mGluRs leads, for example, to an increase in IP 3 (inositol 1,4,5-trisphosphate) synthesis, mobilization of intracellular calcium or inhibition of adenylyl cyclase, causing a number of neuromodulatory effects (for reviews, see [15, 72, 73] ).
To date, eight metabotropic glutamate receptors have been cloned and characterized [74 -81] . They are divided into three groups based on sequence similarities, pharmacology and the second messenger system they couple to preferentially in heterologous expression systems: group I (mGluR1, mGluR5), group II (mGluR2, mGluR3) and group III (mGluR4, mGluR6, mGluR7, mGluR8) (for reviews, see [15, 72, 73] ). Group I mGluRs react most strongly to L-quisqualate [75, 76] , group II mGluRs react most strongly to DCG-IV (dicarboxycyclopropyl glycine; [82, 83] ) and group III mGluRs are selectively activated by L-AP4 (L-2-amino-4-phosphonobutyrate) and L-SOP (L-serine-O-phosphate) [78, 84, [79] [80] [81] . Because of their many modulatory effects on synaptic transmission there has been an increased awareness in recent years, of the important role that mGluRs play in synaptic transmission in the CNS.
The involvement of mGluRs in synaptic transmission between photoreceptors and ON bipolar cells has been known for many years from physiological studies on lower vertebrates [85] [86] [87] . Recently it has been demonstrated in dissociated rat and cat bipolar cells [88, 89] and in a rat retinal slice praparation [90] , that ON bipolar cells express a group III mGluR activated by L-AP4. The ERG of a mGluR6 knock-out mouse, a mutant mouse with a disruption of the gene coding for mGluR6, showed the loss of the b-wave, suggesting that the transmission from photoreceptor cells to ON bipolar cells was abolished [91] . Immunocytochemically, mGluR6 has been localized to the dendritic tips of ON bipolar cells in the OPL of the rat retina, at the precise location where they get input from the presynaptic photoreceptor cells [92] . Taken together, mGluR6 seems to be the receptor responsible for synaptic transmission between the photoreceptors and the ON bipolar cells, converting the light evoked hyperpolarization of the photoreceptors into a depolarization of the ON bipolar cells. The first studies examining the localization of mGluRs in the retina evaluated the expression of mGluRs at the mRNA level [93,78,94 -96] . Over the past few years considerable effort has been put into the immunocytochemical localization of mGluRs in the mammalian retina [92, 57, 11, 97, 98] . The scheme in Fig. 4 provides an overview of the current knowledge on the distribution of the seven mGluRs, mGluR1 -mGluR7, in the adult rat retina. Of all the receptors examined, only mGluR3 was not detected in the rat retina [97] . This is in line with previous in situ hybridization data that showed that mRNA for mGluR3 was not found in the rat retina [96] . The labelling patterns for the different mGluRs showed a widespread and heterogeneous distribution throughout the rat retina, including expression in both plexiform layers (Fig. 4) . Detailed localization studies at the ultrastructural level further demonstrated a post-and presynaptic localization of the different mGluRs at the glutamatergic synapses of the rat retina.
Postsynaptic expression of metabotropic glutamate receptors
The majority of the mGluRs were found to be located in neuronal processes postsynaptic to OFF-cone bipolar cell, ON-cone bipolar cell and rod bipolar cell ribbon synapses in the IPL [11, 97, 98] . For example, mGluR2 labelling was present in cholinergic amacrine cell processes that are postsynaptic to cone bipolar cells in the OFF and ON sublamina of the retina [99] and in amacrine cell processes postsynaptic to rod bipolar cells (Fig. 5(A) ). At the rod bipolar synapse two types of amacrine cells have been identified. The amacrine cell most often present at this synapse, besides the AII amacrine cell, is of the A17 type [100] [101] [102] [103] . This GABAergic amacrine cell makes an inhibitory reciprocal synapse onto the rod bipolar terminal (for review, see [104] ). A hypothesis is that the binding of glutamate released from the rod bipolar cell by mGluR2 in the A17 amacrine cell could lead to the activation of a mechanism causing a decrease in the release of GABA from the inhibitory feedback synapse, leading to a disinhibition of the bipolar cell (Fig. 5) . A similar mechanism of GABAergic disinhibition was proposed for the interaction between mitral cells and granule cells in the olfactory bulb [83, 105] . There are many more mGluRs than mGluR2 localized postsynaptically in the IPL (Fig. 4) , thus, other mechanisms modulating neurotransmitter release, different effector systems or the activity of neurons might be of importance.
For some time the presence of only one mGluR, mGluR6, in the OPL of the retina has been known [92, 91] , but recently two more mGluRs, mGluR1h and mGluR5a, belonging to the group I mGluRs have been localized in the OPL in addition to their presence in the IPL (Fig. 4 and 6(A) ; [98] ). The results of this study suggest that these two mGluRs take part in synaptic processing in both synaptic layers and in both the photopic and scotopic pathway of the rat retina. In the OPL mGluR1h and mGluR5a were preferentially localized in the dendritic tips of rod bipolar cells (ON bipolar cells), the region where mGluR6 has also been located. Because of the physiology of group I mGluRs, it is unlikely that they are involved in direct transmission of synaptic signals in the OPL, but they could be responsible for modulatory effects. One of these is the action of mGluR agonists on the GABA C responses of bipolar cells reported by Feigenspan and Bormann [106] . One hypothesis is that glutamate released from photoreceptor cells could act on mGluRs in bipolar cells, which in turn modulate the response to inhibitory GABAergic inputs from horizontal or amacrine cells (Fig. 6 ). For example, binding of glutamate to group I mGluRs could activate PKC (protein kinase C) via stimulation of phospholipase C and an increase in IP 3 formation, leading to the phosphorylation of the GABA C receptors and therefore to a downmodulation of the activity of the receptor channels localized in the dendrites and axon terminals of bipolar cells.
In summary, via the action of a postsynaptically localized mGluR, like mGluR6, the glutamatergic signal can be inverted and glutamate can not only act in an excitatory but also in an inhibitiory fashion. In general, the postsynaptic expression of mGluRs at bipolar cell synapses in the mammalian retina adds another important level of modulation in synaptic transmission, e.g. modulation of the time course and the gain of the synaptic signal.
Presynaptic expression of metabotropic glutamate receptors
Of all mGluRs examined to date, mGluR7 is the only mGluR that has been localized presynaptically at synapses in the mammalian retina (Fig. 7(A) ; [11] ). In addition to the presynaptic localization in some types of OFF-and ON-cone bipolar cells, we found the receptor also to be localized postsynaptically to ribbon synapses of OFF-and ON-cone bipolar cells.
In its presynaptic localization, mGluR7 labelling was not found across the whole extent of the presynaptic active zone of the ribbon synapse (Fig. 7(A) ). The aggregation of mGluR7 was restricted to one half of the release site facing only one of the two postsynaptic partners at the bipolar cell dyad. Strategically positioning mGluR7 at only one part of the active zone in a retinal ribbon synapse creates a mechanism for differential release of neurotransmitter from the presynaptic site, thus differentially stimulating the postsynaptic cells (Fig. 7) . A similar target-cell specific concentration of mGluR7 has been found for synapses in the hippocampus, where pyramidal cell terminals presynaptic to a certain type of interneuron had a significantly higher number of presynaptic mGluR7 than terminals making synapses with other types of interneurons [12] .
A distribution of a receptor like mGluR7 at the presynaptic site of a bipolar cell ribbon synapse, creates presynaptic heterogeneity that allows the bipolar cell to regulate the release of glutamate with respect to the type of postsynaptic target cell, i.e. ganglion cell or amacrine cell.
Expression of mGluRs during postnatal de6elopment
During early postnatal development of the rat retina mGluRs showed a heterogeneous distribution pattern with a differential onset of their expression (Fig. 8) . A general feature of postnatal mGluR staining was a redistribution from somatic label into concentrations of receptor immunoreactivity at synaptic sites, ''hot spots'', with varying levels of remaining extracellular staining [92, 11, 97, 98] . This parallels the situation in other systems and for other receptors (e.g. [107 -110] ).
An upregulation of expression during postnatal development was typical for all mGluRs in the retina. This is quite different from the brain, where, for example, there is a down-regulation of mGluR1 and mGluR5a in the adult [111, 112] .
Some mGluRs were expressed well before synapse formation in the retina, whereas others appeared first with the onset of synapse formation in the plexiform layers ( Fig. 8 ; [92, 11, 97, 98] ) and still well before fully developed ribbon synapses can be found in the retina [41] . The appearance of mGluRs early in postnatal development may be indicative of their importance in neuronal survival during development [113, 114] . Indeed, mGluRs might play a role in synaptic differentiation and the final consolidation of synaptic connections in the mammalian retina [115] .
